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Three-dimensionally  ordered  macroporous  cathode  was  fabricated  for  a  zirconia  based  micro-tubular 
solid  oxide  fuel  cells  (SOFCs).  Three  different  cathodes  (cathode  A,  no  pore  former;  cathode  B,  with  pore 
former  (1.5  pm  in  diameter);  cathode  C,  with  pore  former  (0.8  pm  in  diameter))  were  compared  to 
investigate  how  the  microstructure  of  it  affected  the  cell  performance  at  various  operating  temperatures. 
Micro-sized  pores  were  well  distributed  within  cathode  B  and  C.  The  total  porosity  of  cathode  A  is  35%, 
while  it  respectively  reached  42  and  50%  for  cathodes  B  and  C.  At  the  same  time,  the  specific  surface  area 
of  them  was  28.8  and  52.0%  larger  than  that  of  the  cathode  A.  As  a  result,  the  peak  power  density  of  the 
zirconia  based  cell,  with  cathode  C,  was  0.25  and  0.56  W  cm-2  at  550  and  600  °C,  while  the  respective 
value  was  just  0.11  and  0.30  W  cm-2  for  the  cell  with  cathode  A.  Thus,  optimizing  microstructure  of 
cathode  should  be  one  of  the  best  approaches  for  lowering  the  operating  temperature  for  SOFCs. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

High  temperature  operating  of  SOFCs  limits  the  selection  of 
materials  for  the  cells,  module  components,  as  well  as  their  use  for 
quick  strat-up  operation  [1-4].  Thus,  many  studies  of  SOFCs  aim  at 
lowering  the  operating  temperature.  In  recent  years,  significant 
effort  has  been  devoted  to  the  research  for  new  electrodes  and 
electrolyte.  For  examples,  Lao.gSro.iGao.sMgo^Os-^  (LSGM),  as  SOFCs 
electrolyte  (2  pm  thick),  has  been  shown  to  achieve  peak  power 
density  of  2  W  cm-2  at  600  °C  [5].  Ba-based  and  LaCr03-based 
perovskite-type  oxide  were  effective  to  be  respectively  used 
as  cathode  and  anode  materials.  Bao.5Sro.5Coo.8Feo.2O3 -<5 
(BSCF),  incorporated  into  a  thin-film  doped  ceria  fuel  cell,  exhibit- 
s  high  power  densities  of  1.01  W  cm-2  at  600  °C  [6]. 
Lao.75Sro.25Cro.5Mno.5O3  (LSCM)  was  reported  as  nickel-free  anode 
material,  with  comparable  electrochemical  performance  to  Ni/YSZ 
cermets  [7].  Ba(Zr0.iCeo.7Y0.2)03_5  at  temperatures  below  550  °C, 
displays  very  high  ionic  conductivity  of  all  known  electrolyte 
materials  for  proton  conducted  SOFC  applications  [8].  A  thin 
and  highly-textured  BaZro.sYo.203_5  film  even  shows  applicable 
proton  conductivity  at  350  °C  for  micro-fabricated  SOFC  devices 
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[9].  Other  approaches  for  low  temperature  operation  of  SOFCs 
included  to  optimize  the  anode  microstructure  and  to  decrease 
thickness  of  the  electrolyte,  a  power  density  as  high  as  0.4  W  cm-2 
at  400  °C  was  demonstrated  using  100  nm-thick  zirconia  based 
electrolyte  [10].  Macroporous  anode  supported  SOFCs  had  a  power 
density  of  greater  than  1  W  cm-2  at  600  °C  with  conventional 
SOFCs  materials  [11]. 

Besides  that,  surface-decoration  of  perovskites  on  electrodes 
were  also  introduced  to  SOFCs  to  achieve  high  performance.  “Sr”- 
decoration  with  nanoparticle  coverage  in  the  range  from  50%  to  80% 
of  the  Lao.8Sro.2Co03_5  (LSC)  surface  enhanced  the  surface  exchange 
coefficient  by  an  order  of  magnitude  [12].  A  pure-ceria  (Ce02) 
functional  layer  on  the  surface  of  anode  enhanced  the  tubular  cell 
performance  below  500  °C  using  methane-water  mixture  fuel 
[13].  Also,  several  articles  were  reported  in  highly  porous 
cathodes  with  optimized  microstructure  [14-17].  They  showed  an 
increasing  cell  performance  at  relatively  high  operating  tempera¬ 
tures  (650-900  °C).  Fox  example,  yttriastabilized  zirconia  (YSZ) 
nanofiber  scaffold  with  the  infiltrated  Lai_*SrxMn03  (LSM),  as  cell 
cathode,  had  an  enhanced  catalytic  activity  for  oxygen  reduction 
and  an  increased  number  of  triple-phase  boundary  sites. 

In  this  study,  three  different  macroporous  cathodes  were 
systematically  investigated  to  lowering  the  operating  temperature 
of  SOFCs,  of  which  included  total  porosity,  specific  surface  area, 
pore  volume,  exchange  current  density,  cathode  conductivity  and 
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Table  1 

The  particles  size  used  in  anode-electrolyte. 
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ScSZ 

YSZ 

GDC 

NiO 

PMMA(anode) 

PMMA(cell  B) 

PMMA(cell  C) 

D50  (pm) 

0.62 

0.022 

0.63 

0.1 

5 

1.5 

0.8 

IV  performance.  The  micro-tubular  design  was  used,  which  can 
realize  a  high  volumetric  power  density  and  endure  thermal  stress 
cause  by  rapid  heating  up  or  cooling  down  [18-23].  Lao.6Sro.4- 
Co0.2Feo.803-5  (LSCF)  was  selected  as  cathode  material  due  to  its 
excellent  ionic-electronic  conductivity  and  high  activity  for  the 
oxygen  reduction  reaction  [24-26]. 

2.  Experimental  section 

Anode  tubes  were  made  by  mixing  of  NiO  powder,  YSZ,  40  vol% 
of  pore  former  (poly  methyl  methacrylate  (PMMA)  beads  (5  pm  in 
diameter)),  and  binder  (cellulose  base).  These  powders  were  mixed 
for  1  h  by  a  mixer,  5DMV-r.  After  adding  proper  amount  of  water,  it 
was  stirred  for  30  min  in  a  vacuum  chamber.  The  mixture  (clay)  was 
aged  for  15  h.  Then,  anode  tubes  were  extruded  from  a  metal  mold 
by  using  a  piston  cylinder  type  extruder  (Ishikawa-Toki  Tekko-sho 
Co.,  Ltd.).  Using  co-sintering  process,  a  very  thin  scandium  stabi¬ 
lized  zirconia  (ScSZ)  (Daiichiki-genso  Co.,  Ltd.)  electrolyte  about 
5  pm  was  securely  fabricated  on  the  anode  tubes.  In  detail,  the 
anode  tubes  were  dipped  in  ScSZ  slurry  and  coated  at  a  pulling  rate 
of  1  mm  s-1.  The  slurry  consisted  of  ScSZ  powder,  binder  (polyvinyl 
butyral)  as  well  as  solvents  (toluene  and  ethanol).  The  coated  film 
on  anode  tube  was  dried,  then,  the  anode-electrolyte  were  co¬ 
sintered  1350  °C  for  1  h  in  the  air.  They  were  again  dip-coated 
using  GDC  slurry  and  sintered  at  1200  °C.  The  cell  was  co¬ 
sintered  at  1350  °C. 

Next,  the  anode  tubes  with  an  electrolyte  (ScSZ)  and  interlayer 
(GDC)  were  dip-coated  in  a  cathode  slurry.  In  this  study,  three 
different  cathodes  were  prepared,  corresponding  to  with  and 
without  pore  former:  cathode  A  (no  PMMA  used),  cathode  B 
(PMMA  beads,  1.5  pm  in  diameter),  and  cathode  C  (PMMA  beads, 
0.8  pm  in  diameter).  All  the  cathodes  have  same  anode  support  and 
electrolyte,  as  well  as  interlayer.  The  slurry  of  cathode  A  consisted 
of  LSCF,  GDC  powders  (weight  ratio  to  LSCF  is  3:1 )  as  well  as  organic 
ingredients  (toluene  and  ethanol).  As  for  the  slurries  of  cathodes  B 
and  C,  the  weight  ratios  of  pore  former/(LSCF,  GDC)  powder  were 
different.  In  order  to  avoid  cracks  during  sintering  process,  they 
were  1/6.6  (for  0.8  pm  PMMA  beads)  and  1/13.2  (for  1.5  pm  PMMA 


beads).  After  dip-coating  the  cathode  slurry,  the  tubes  were  dried 
and  sintered  at  1050  °C  for  1  h  in  the  air  to  complete  a  cell.  Also,  the 
cell  A,  cell  B,  and  cell  C  respectively  corresponded  with  the  cell  with 
cathode  A,  cathode  B,  and  cathode  C. 

Table  1  provides  the  size  of  particles/beads  used  in  the  cells.  D50 
is  particle  diameter  value  in  case  cumulative  distribution 
percentage  reaches  50%. 

The  cathode  surface  area  and  porosity  were  measured  by 
mercury  porosimeter.  The  fabrication  method  of  bulk  cathode 
(cathode  A,  B,  and  C)  is  multi  times  dip-coating  (repeated  the  dip¬ 
coating  after  dry)  on  a  ceramic  tube  (5  mm  in  diameter).  The  lifting 
speed  of  ceramic  tube  from  cathode  slurry  is  2  mm  s-1,  which  is 
exactly  same  to  the  speed  in  fabricating  cathode  layer  on  a  cell.  The 
microstructure  of  the  tubular  cell  was  observed  by  using  SEM  (JEOL, 
JSM  6330F).  Open  circuit  voltage,  I-V  plots,  and  electrochemical 
impedance  spectroscopy  (EIS)  plots  were  collected  using  a  multi¬ 
channel  potentiostat  (Solartron  1260  frequency  response  analyzer 
with  a  1296  Interface).  Ag  wires  were  used  for  collecting  current  of 
the  anode  and  cathode  sides,  which  were  both  fixed  by  painting 
a  colloidal  silver  paste.  The  current  collection  from  the  anode  side 
was  made  from  an  edge  of  the  anode  tube,  and  the  collection  from 
cathode  side  was  made  from  the  whole  cathode  area.  The  tubular 
cell  was  sealed  at  an  alumina  tube  using  a  ceramic  sealing  paste. 
Hence,  the  anode  contact  was  not  exposed  to  air.  Dry  and  diluted 
hydrogen  (20%  H2  +  80%  Ar)  was  flowed  inside  the  tubular  cell  at 
a  flow  rate  of  54  mL  min-1.  The  cathode  was  open  to  the  air  without 
flowing  gas.  The  size  of  the  cell  was  about  1.85  mm  in  diameter, 
30  mm  in  tube  length.  The  active  cathode  area  is  0.5-0.6  cm2.  The 
tubular  cells  were  tested  at  the  temperature  of  500,  550,  600,  and 
650  °C,  which  were  tested  by  a  thermocouple  placed  closed  to  the 
cell. 

3.  Results  and  discussion 

A  pictorial  cell  (cell  C)  and  the  fracture  cross-sectional  SEM 
image  of  the  cell  are  shown  in  Fig.  1(a)  and  (b).  As  can  be  seen, 
a  macroporous  cathode  layer  (LSCF)  was  coated  on  the  tube  surface, 
with  thickness  of  20  pm.  The  anode-electrolyte  was  co-sintered  at 
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Fig.  1.  (a)  photography,  and  (b)  Cross-sectional  SEM  image  of  a  anode  supported  SOFC  with  microporous  cathode,  (c)  The  surface  morphology  of  LSCF  cathode  on  the  cell.  The 
thickness  of  electrolyte  is  5  pm. 
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Fig.  2.  Microstructure  of  a  macroporous  cathode  (bulk),  (a)  without  PMMA  beads  and  using  PMMA  beads  as  pore  former,  (b)  PMMA  beads,  1.5  pm  in  diameter,  (c)  PMMA  beads, 
0.8  pm  in  diameter.  The  bulk  was  prepared  by  the  same  method  (dip  coating  with  more  times)  to  that  of  fabricating  a  cell. 


1350  °C.  In  our  previous  work  [27],  1350  °C  prefers  to  co-sinter 
a  high  quality  cell.  Here,  the  pore  former  in  cathode  burned  at 
around  400  °C  and  as  a  result  it  became  pores  (round  or  oblate).  The 
pore  formers  used  in  cathodes  B  and  C  were  in  the  size  of  micros 
and  sub  micros.  At  the  same  time,  macro  pores  were  also  existed  on 
the  cathode  surface.  As  can  be  seen  in  Fig.  1(c),  the  size  of  pores  is 
almost  same  to  those  within  cathode.  The  existence  of  pores  help 
the  oxygen  gas  transportation. 


Fig.  2  show  the  SEM  micrographs  of  bulk  cathodes  sintered 
at  1050  °C.  Fig.  2  (b)  and  (c)  respectively  corresponded  to  the 
cathodes  B  and  C  in  different  magnification.  As  can  be  seen, 
uniform  macro  pores  distributed  well  within  cathode.  Also,  they 
were  three-dimensionally  connected.  The  average  pore  sizes  of 
cell  C  and  cell  B  are  0.8  and  1.5  pm,  respectively.  They  were  esti¬ 
mated  by  measuring  more  than  100  pores  selected  from  the  SEM 
micrographs. 


a 


10  100  1000  10  100  1000  10  100  1000 
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Fig.  3.  (a)  cumulative  pore  volume  of  the  three  different  cathodes,  (b)  The  corresponding  specific  surface  area  of  the  cathodes. 
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Table  2 

Summary  of  the  properties  of  bulk  cathode.  The  bulk  cathode  was  prepared  using 
dip-coating  technology,  which  is  same  to  the  cathode  layer  for  the  cells  A,  B  and  C. 


Cathode 

samples 

Porosity 

Specific 

volume  (cm3  g-1) 

Specific  surface 
area  (m2  g”1) 

Cathode  A 

35% 

0.08 

1.77 

Cathode  B 

42% 

0.12 

2.28 

Cathode  C 

50% 

0.13 

2.69 

Fig.  3  show  the  information  of  cumulative  pore  volume  and 
specific  surface  area  of  different  cathodes.  As  can  be  seen,  the 
specific  surface  area  of  cathode  A  is  just  1.77  m2  g_1,  while  it 
respectively  increased  28.8%  to  2.28  m2  g-1  for  cathode  B  and  52.0% 
to  2.69  m2  g-1  for  cathode  C.  Large  specific  surface  area  of  cathode 
may  resulted  in  large  triple-phase  boundary  (TPB)  length,  which 
decrease  the  polarization  loss  and  improve  the  electrical  perfor¬ 
mance  of  cathode.12  Furthermore,  the  total  pore  volume  was  0.08, 
0.12, 0.13  cc  g^1  for  cathode  A,  B,  and  C,  respectively.  It  increased  50 
and  62.5%  by  using  pore  formers  in  diameter  of  1.5  and  0.8  pm.  As 
a  result,  the  total  porosities  of  cathode  A,  B,  and  C  were  respectively 
35, 42,  and  50%.  Table  2  summarizes  the  physical  properties  of  each 
cathode. 

Fig.  4  show  the  performance  of  the  cells  A,  B  and  C.  In  this 
paper,  the  effective  electrode  areas  (for  calculating  power  density 
and  exchange  current  density)  were  respectively  0.57,  0.56  and 
0.59  cm2  for  the  cells  A,  B  and  C.  As  can  be  seen,  the  peak  power 
density  of  the  cells,  with  cathodes  B  and  C,  were  higher  than  that 
of  cell  A  at  the  operating  temperatures  of  500,  550  and  600  °C. 
Comparing  with  cell  A,  the  peak  power  density  of  cell  C  signifi¬ 
cantly  increased  54.4%,  44.3%,  and  27.8%  to  0.09,  0.25,  and 
0.56  W  cm-2  when  they  operated  at  500,  550,  600  °C.  Even  for  the 


cell  B,  it  still  increased  11.6%,  8.9%,  and  7.1%.  At  the  same  time,  the 
current  density  of  the  cell  C  at  0.7  V  (the  practical  working  voltage 
of  a  cell)  were  0.10,  0.26,  0.5  A  cm-2,  while  it  was  just  0.06,  0.19, 
0.42  A  cm-2  for  cell  A.  It  is  noted,  as  the  temperature  increased  to 
650  °C,  the  peak  power  density  reached  about  0.8  W  cm-2  for  all 
the  cells.  There  was  no  big  difference  among  them.  The  cell  B  even 
performed  slightly  worse  than  the  cell  A.  So,  the  macroporous 
structure  of  cathode  showed  its  advantage  at  low  operating 
temperatures,  and  significantly  increased  the  cell  performance. 
When  the  operating  temperature  is  higher  than  650  °C,  it  was 
suggested  that  the  anode  part  maybe  become  major  factor  to 
affect  the  cell  performance,  since  the  cathode  structure  did  not 
show  its  influence  on  the  cell  performance.  It  is  noted  that  the 
improvement  of  power  density  is  remarkable  at  relative  low 
operating  temperature  (500-600  °C).  Thus,  optimizing  micro¬ 
structure  of  cathode  should  be  one  of  the  approaches  for  lowering 
the  operating  temperature  for  SOFCs.  Finally,  using  the  macro- 
porous  cathode,  the  peak  power  density  of  0.25  W  cm-1  (550  °C) 
and  0.56  W  cm-1  (600  °C)  was  successfully  achieved  for  a  YSZ 
bases  anode  supported  cell. 

Fig.  5  show  the  impedance  spectra  of  each  cell  obtained  at 
various  temperatures.  They  are  exactly  corresponded  to  the  testing 
conditions  in  Fig.  4.  As  can  be  seen  the  high  frequency  semi-circle  of 
the  cell  C  was  clearly  observed  in  Fig.  5  (c)  and  (d).  The  value  of  it 
was  about  half  of  the  cell  A.  It  is  because  the  specific  surface  area  of 
cathode  C  respectively  increased  52.0%  comparing  with  the  cathode 
A.  As  we  knew,  large  surface  area  of  cathode  is  considered  to  be 
important  since  it  can  increase  the  TPB  length.  So,  the  overpotential 
resistance  caused  by  the  electrochemical  reaction  [13,28]  (high 
frequency  semi-circle)  of  macroporous  cathodes  became  small, 
especially  for  cell  C.  In  Fig.  5  (a)  and  (b),  the  high  frequency  and  low 
frequency  semi-circles  can  not  be  clearly  distinguished  for  the  cells 
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Fig.  4.  Performance  of  the  cells.  The  cell  voltage  and  power  density  as  functions  of  current  at  (a)  500  °C,  (b)  550  °C,  (c)  600  °C  and  (d)  650  °C. 
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Fig.  5.  Impedance  spectrum  for  the  cells  A,  B,  and  C,  which  obtained  at  (a)  500  °C,  (b)  550  °C,  (c)  600  °C  and  (d)  650  °C. 


A,  B  and  C.  However,  the  plots  of  the  cell  C  measured  at  different 
temperatures  showed  high  frequency  semi-circle  tend  to  increase 
as  operating  temperature  decreased.  So,  the  characteristic 
frequency  of  high  frequency  semi-circle  for  the  cell  C  was  predicted 


and  labeled  in  Fig.  5(a)  and  (b).  As  can  be  seen,  the  real  over¬ 
potential  resistance  of  the  cell  C  caused  by  electrochemical  reaction 
was  still  smaller  than  that  of  the  cells  A  and  B  at  the  same 
frequency. 


Fig.  6.  Tafel  plots  of  the  cells  measured  at  various  temperature.  The  cells  A,  B  and  C  are  corresponded  to  the  cathodes  A,  B  and  C. 
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Table  3 

Kinetic  parameters  of  cells  calculated  with  curve-fitted  parameters  for  curves  shown  in  Fig.  6.  The  cells  A,  B  and  C  are  corresponded  to  the  cathodes  A,  B  and  C. 


Operating  temperature 

a 

j0  (mA  cm"2) 

Cathode  A 

Cathode  B 

Cathode  C 

Cathode  A 

Cathode  B 

Cathode  C 

500  °C 

0.15 

0.18 

0.22 

10.0 

10.5 

11.2 

550  °C 

0.54 

0.59 

0.72 

28.1 

30.1 

30.3 

600  °C 

1.87 

2.09 

2.53 

64 

63 

61 
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Fig.  6  show  the  electrode  overpotentials  of  cells  obtained  by 
subtracting  the  ohmic  losses  for  the  raw  I-V  characteristics.  All 
these  data  follow  the  following  Tafel  Eq.  (1), 

log  j  =  arj  +  log  Jo  (1) 

where  j  is  the  current  density,  a  is  transfer  coefficient,  i)  is  the 
electrode  polarization,  and  jo  is  the  exchange  current  density. 
Table  3  tabulates  transfer  coefficient  (a)  and  the  exchange  current 
density  (jo).  The  value  of  jo  was  estimated  from  the  Tafel  plots  in 
Fig.  6,  while  the  transfer  coefficient  was  calculated  with  the  curve- 
fitted  method  in  the  range  of  0.1-0.35  V  using  the  Bulter-Volmer 
equation.  As  can  be  seen,  j0  and  a  of  cell  B  and  cell  C  is  clearly 
higher  than  that  of  cell  A  at  low  operating  temperatures  (500  and 
550  °C).  Since  these  cells  are  exactly  same  except  to  the  cathode, 
the  difference  in  the  electrode  overpotentials  is  contributed  to  the 
difference  in  the  cathode.  Compare  with  cell  A,  cell  C  exhibited 
much  lower  electrode  overpotential  especially  at  high  current 
density.  As  shown  in  Fig.  6  (a)  and  (b),  the  exchange  current  density 
of  the  cell  C  is  12.0%  and  7.8%  higher  than  that  of  the  cell  A,  when 
they  were  operated  at  500  and  550  °C,  respectively.  It  can  be 
explained  by  the  difference  of  the  specific  surface  area  between  the 
cells,  which  was  already  shown  in  Table  2.  Furthermore,  the 
transfer  coefficient  of  the  cells  increased  when  the  macro-sized 
pores  were  introduced  to  their  cathode.  When  the  cell  operated 
at  500  °C,  it  was  0.15  and  0.22  for  cell  A  and  cell  C,  respectively.  At 
550  °C,  the  corresponding  value  for  cell  A  and  cell  C  were  0.54  and 
0.79.  The  increasing  of  transfer  coefficient  should  be  related  with 
the  good  microstructure  and  high  porosity  of  cell  C.  However,  less 
difference  even  no  difference  was  obtained  at  relatively  high 
operating  temperatures  (650  °C),  which  agrees  with  the  impedance 
spectrum.  In  this  study,  the  exchange  current  of  cell  C  was 
30.3  mA  cm-2  operated  at  550  °C,  which  is  comparable  to  that  of 
YSZ-based  cells  operated  at  800  °C  or  GDC-based  cells  operated  at 
500  °C  [29-31]. 

Because  the  relative  difference  of  power  density  among  the 
three  types  of  cells  did  not  coincide  with  their  surface  area,  the 


Fig.  7.  Dependence  of  total  conductivity  of  LSCF  cells  on  temperature. 


conductivity  of  them  was  measured.  This  shows,  from  the  other 
side,  the  inherent  drawbacks  of  the  macroporous  cathode.  As  can 
be  seen  Fig.  7,  the  conductivity  of  cathode  B  and  C  is  lower  than  that 
of  cathode  A  at  all  testing  temperatures,  especially  for  cathode  B. 
The  conductivity  of  cathode  A  is  85.3  and  81.8  S  cm-1  at  500  and 
600  °C,  which  is  comparable  to  the  value  in  the  literature  [32].  Due 
to  the  high  porosity  and  microstructure,  the  respective  values  of 
cathode  C  were  76.1  and  77.5  S  cm-1  at  500  and  600  °C.  As  for  the 
cathode  B,  it  decreased  sharply  to  22.8  and  28.3  S  cm-1  at  corre¬ 
sponding  temperatures.  The  reason  possibly  was  relatively  large 
pores  (about  1.5  pm  in  diameter)  in  the  cathode  B  lead  to  make  it 
has  less  mass  density.  All  in  all,  the  conductivity  of  cathode  C  was 
comparable  to  cathode  A,  because  the  macropore  size  is  relatively 
small  and  within  sub-micrometer  (800  nm).  It  is  noted  that  the 
lower  conductivity  of  the  porous  cathode  is  tolerated  here,  because 
the  selection  of  a  micro-tubular  design  allows  an  unusual  current 
contact  geometry. 

4.  Conclusion 

In  summary,  we  successfully  fabricated  macroporous  electrodes 
both  in  anode  and  cathode.  This  study  mainly  investigated  the 
cathode,  and  different  microstructure  was  compared.  Using  1.5  and 
0.8  pm  pore  former,  the  cathode  porosity  reached  42,  50%, 
respectively.  The  uniform  macro  pores  were  well  distributed  within 
cathode.  At  the  same  time,  the  specific  surface  area  of  cathode  B 
and  C  was  28.8  and  52%  larger  than  cathode  A.  As  a  result,  the 
power  performance  improved  significantly  at  relatively  low  oper¬ 
ating  temperatures  (500-600  °C).  For  example,  the  peak  power 
density  of  cell  C  was  0.25  W  cm-2  at  550  °C,  while  it  was  just 
0.11  W  cm-2  for  cell  A.  Thus,  optimizing  microstructure  of  cathode 
should  be  one  of  the  approaches  for  lowering  the  operating 
temperature  for  SOFC.  Furthermore,  this  technology  allows  devel¬ 
oping  new  level  of  the  cell-stack-module  operable  around  500  °C. 
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